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SUMMARY 


Valiaes    of    the    circulation    function   have    been   obtaMied 
for  dual-rotstin,;^^  propellers.      N'upierioal    values    are   given 
for   four-,    eieht-,    and   twelve-blade   dual-rotatlm'!:  pro- 
pellers    and    for   advance    ratio?-   from   2    to    about    6.       In 
addjtion,    the    circulation   function  has   been  deterrdned 
for  f3in{rl3-rotr2tina-  propellers   for   the   higher  values   of 
the    advance    rfd:lo.       The   masfi    coeff  icl^^nt ,    another   Quantity 
of   significance    in   prop>eller  theory,   has   bzeri   introduced. 
This  nass    coefficient,   vhlch  is   actually  the  ir.san  value 
of   the   ci"^culstion   coefficient,    expresses    the    effective 
area  of   t!ic    cGluTr.n   of    the  medium  acted  upon  by    th<5   pro- 
peller  in   ter-Ts    of   the   propeller-disk   area.      Values   of 
the   mass    coefficient,    rhich  have   been  dete^r.'ined  directly 
by   special  ■measurements    and   also   by   integration   of   the 
circulation   function,    are    given  for   the    four-,    eVpht-; 
and    tv.jelve-blpde    dual-rotating  propellers.      The  mass 
coefficient  has    also   been  deter:nined   for    several   cases 
of    single-rotating  propellers,    partly   lor   the    purpose   of 
comparing   such  experimental   values   with   theoretical   results 
in  the   knov^n  range   of   low   advance    ratios    and    partly  to 
extend    the    results    to   Include    a   range    of  high   advance 
ratios.      'Fne   effect   of   stationary  countervanes    on  the 
m.a3s    coefficient  has    also   been  determined   for   several 
cuses    of  •cractlcal    interest. 


INTRODTTCTION 
0  i  r  c  u,l .'.:  1 1  o n   Fun  ■■•.  t  j  '^ n  K  Cx  ) 


In  1929  Goldstein  (reference  1)  succeeded  in  solving 
the  problem  of  the  ideal  lift  distribution  of  single- 
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rot^.ting  propellers.      Goldstein's   vjork  ir;    r-ss+rioted.   to 
the    case   ci    a   lij'^it   loading  and.   also,    in  effect,    to   & 
small    advance   ratio.      Numerical   values   given   oj  Go].dsteJ.  n 
for   the    oftirurr   circulation  distribution   are    reproduced 
in  tabls   J    and    figure    1.      So'-^.e    additlona]    values   calcu- 
lated  by  r'rav.'er    (reference   2)    for  hi.gher   advance    ratios 
are   given  in   table   I    and  have    been  super! m.pos':-:d   on  the 
Croldstein   results    in  figure    1.      Numerical   results   by 
L-ock   and  Yeatman    (reference   J"*    for    the    four-blade   pro- 
peller are    reproduced   in   table    IT    and   figure   2.      The 
parameter      K     used   in  tables   I    and   TI   if:    the    tangent   of 
th.-    tin   vortex   an,.rlc    in   the  ultimate    waV'.'' 
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1     "<'!     +     V 
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where  v   is  the  rearward  dipplace-'-.ent  velocity  of  the 
helico.l  vorte:-"  surface  at  infinity.   (A  list  of  the 
symbols  used  throughout  the  paper  is  given  In  appendix  A. ) 
These  data  have  been  used,  for  comperlson  v.'ita  results  con- 
ta^'.ned  in  the  present  paper. 

It  ehould  be  emphasized  that  a  distinction  has  been 
made  oetv.'een  dimensions  and  conditions  o.l  the  slipstream 
at  +he  p^-op  roller  and  those  in  the  ulti^^'.ite  wfiPe,  a  die- 
tin'.;  t  ion  that  does  not  occur  in  the  treatment  of  lightly 
loaded,  propellers.   The  present  oaper  is  concerned  exclu- 
sively with  conditions  in  the  ultimate  v.'ake ;  in  fact,  it 
can  be  shown  that  thrust,  torque,  anti  efficiency  are  all 
uniquely  given  as  functions  of  thp  ultir:ate  wake  only, 
no  knovjled.ge  ci  the  propeller  bein^:  necessary  except  for 
purposes  of  actual  desij^.n.   It  should  be  pointed  out  that 
both  the  diameter  b.nd  the  advance  en^.le  of  the  ultimate 
helix  are  different  fromj  tne  values  at  the  propeller,  the 
diameter  being  smaller  and  the  advance  ratio  larger.   It 
can  be  shcim  that  the  distribution  function  depends  on 
the  advance  angle  only.   The  ideal  disti-ibution  function 
is  therefore  identical  for  light  and  heavy  loadings  pro- 
vided both'  refer  to  identical  helix  angles  in  the  ultimate 
wa'''e . 

Tn  i'igures  I  and  2  the  quantity  XCx)  is  a  char.".ct:i  r- 
istic  function  rels.ted  to  the  circvilation  V(y.)      along 
the  bl?.'d.c  3  3  follov's: 
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where      F     is    the   potential    dirference    across    the  helix 
so.r'faoe    Pt    a   radius      x,      p      is    the   number  of  blader. , 
and     w     is    the    angular  velocity  of    the   propeller.      The 
quantity 


V   +   w 
w 

00 

Pan 

is  the  potential  drop  for  a  velocity   w   throurh  a 
length 

H  _  V   +  VI 

p  ~      GO 


wliich  is  the  a:;<ial  distance  between  two  successive  vortex 
sheets.   E,ach  sh^et  has   ~  turns  correspondin.'?  to  a 

time  of  1  second  and  there  are   p   separate  sheets  cor- 
responding to   p   blades.   The  quantity  K(x)   is  thus 
the  nondlmenslonal  expression  for  the  potential  drop 
across  the  surface  of  discontinuity  as  a  fraction  of  the 
available  drop  in  the  direction  of  the  helix  axis. 

It  should  be  noted  that  the  coefficient   K(x) 
dlff^-rs  from  the  Goldstein  coefficient 


2TrVw 


in  which  the  velocity  w  has  been  disregarded  in  com- 
parison with  the  advance  velocity  V.   The  coefficients 
are  identical  if  referred  to  the  same  helix  angle  of  the 
ultimate  wake. 
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Mass  Coefficient  ^ 

A  significant  coefficient,  which  vlll  be  termed  the 
mass  coefficient   k  and  '.vhich  may  be  shovn  to  be  one  of 
the  basic  parameters  in  the  propeller  theory,  is  now 
introduced.   It  is  given  here  merely  by  definition 


--< 


I 

K(x)  X  dx 


where   x   is  the  radius  and  the  integral  is  taken  froni 
X  =  0   to   X  =  1.   5y  inspection  it  is  noted  that   k  is 
really  the  ^r^esn  value  of  the  coefficient  K(x)   over  the 
disk  area.   If  F(x)  =  1,   then  "^  =  1 ,  which  is  the 
liiTiiting  value  of   *<. 

A  physical  interpretation  of   k  is  interesting.   It 
is  possible  to  show  that   k   represents  the  effective 
cross  section  of  the  column  of  the  medium  "pushed*'  oj   the 
pror.eller  divided  by  the  projected  propeller-wake  area. 
In  other  "'ords,  the  propeller  imparts  the  full  interfer- 
ence velocity   •'.•   to  a  column  of  air  of  cross  section 
K  per  unit  area  of  the  ultim.ate  propeller  wake.   The 
diameter  of  such  a  column  is  therefore   yT  for  a  pro- 
peller wake  of  unit  diam:eter.   Although  m.athem.atical 
refinements  will  not  be  considered  in  the  present  paper, 
this  physical  interpretation  should  sufflc?  to  indicate 
the  nature  of  the  coefficient  and  the  designation  adopted. 
It  will  be  shown  herein  that  the  cosfficient  k   is 
readily  obtained  by  direct  measurements,  to  be  described 
later. 

Figure  3  shows  curves  for  various  values  of  the  mass 
coefficient   k   for  the  cases  for  v;hich  K(x)   is  known  - 
that  is,  for  the  single -rotating  two-  and  four-blade 
propellers  from;  tables  T  and  TI  -  as  well  as  for  the 
lim.iting  case  of  an  infinite  numbc-r  of  blades.   This 
latter  case  is  readily  obtained  by  integration.   '-Vith 


.1 


x2 


2  ,   2 
'  x 


,2 
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iG    obtained    or,    after    integration , 


K   =   I    -   K^    lo 


4*t^ 


The  curve  for  this  equation  is  shewn  as  the  upper  limit 
line  in  figure  5'   Values  for  three-  and  six-blade  pro- 
pellers, Y^hich  were  calculated  from  datf'  'oj   Lock-  and 
Yeat-man  (reference  5),  are  also  ehown  in  figure  3,   The 
curves  in  figure  5  are  used  later  for  comparison  v/ith 
data  obtained  in  the  present  investigation. 


EXECTRTCAL  FETHOD  AND  E><UIPJ'!FNT  FOR 
¥EASUPTMG  K(x)    AND  1^ 
Description 


It  is  veil  known  that  the  flov  of  electric  currents 
In  a  field  of  uniforrri  resistance  is  mathematically 
-■dontical  v4th  the  flov;  of  a  perfect  fluid.   The  velocity 
.rotential  msy  be  perfectly  reproduced  by  an  electrical 
potential,  provided  the  boundary  conditions  are  identical. 

For  the  pr-sent  problem  a  direct  m.easurement  of  the 
aerodjmamAc  field  behind  a  propeller  presents  insur?nount- 
able  difficulties;  in  contradistinction,  the  electrical 
method  of  m.easurem.ent  is  convenient  and  accurate  and,  in 
addition,  perm.it?  the  determination  oi'  local  as  v/ell  as 
integrated  effects.   The  arrangem.ent  may,  in  fact,  be 
considered  a  special  calculating  machine  for  solving  the 
differential  equation  for  given  boundary  conditions 
rather  than  a  means  for  obtaining  experimental  solutions. 

Since  the  ideal  flow  (far  behind  the  pi'opeller)  is 
identical  vl  th  the  flow  around  a  rigid  helix  m.oving  at 
a  constant  velocity  in  the  direction  of  its    axis,  the 
correr^ponding  electric  field  is  obtained  very  simply  by 
inserting  an  insulating  helix  surface  in  a  conducting 
liquid  and.  applying  a  uniform  field  in  the  direction  of 
the  helix  axis.   The  vessel  confining  the  liquid  is  a 
long  cylindrical  shell,  also  of  insulating  material.   The 
vessel  is  closed  at  both  ends  by  copper  end  plates  that 
are  used  as  electrodes  to  apply  the  potential.   The  test- 
specimen  helix  is  placed  coaxially  with  the  shell.   The 
confining  shell  is  considerably  larger  in  niam.eter  then 
the  test  helix. 
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Figijre   k  is    a   photograph  of    the    test    setup   for   the 
direct  deterrnination   of   the   mass   coefficient     k.      The 
cylinder  on   the    right   constitutes    a  duinmy   compensating 
resistance.      Ihe    electrolyte   used  in   these   experiments 
consisted   of   tap  v/ater  from   the    local   water-supply 
sys^'tem.      The   source    of   current   was    a    1000-cycle 
alternating-current  generator  producing    a   rather   lure 
wave   form   at   an   available    voltage    of   about   100   volts, 
which  was    applied   to    the   electrodes.      An.  exploring  device 
consisting   of   a   fine   glass-insulated  platinum  wire   v.lth 
an  exposed   tip    was   used   to   determine    the    voltage    at    any 
point   on   the   helix   surface.      This   pickup   device   formed 
a  part   of   a  potentiom.e ter   circuit   used  In   a  V/heatstone 
bridge    arrangement   v/ith   a    sensitive    telephone    as    a   zero 
Indicator.      Y.hien   voltage    readings   were    taken,   no   current 
passed  through  the    telephone    and    the    exploration  ■'/d  re . 
This    type   of  measurement   Is   inherently  accurate;    the 
error  in  the    electrical  measurements    is   estimated   as 
not   more    than  one   part    in   10,000. 

Figure    5>    al."o    a  photograph,    shows    the    equipment 
used   in   the  manufacture    of    the   helix    surfaces.      The 
vertical  insulated   cylinder   is    an   electrically  heated 
oil   tank.       To    the    top    center   of    this    tank   is    attached   a 
simple   die   or  guiding   device    with   a  spiral    slit   through 
which  the   heated   plastic   sheet   material   is   pulled   at    a 
uniform  rate.       A   fan   Is   used   to    supply  cooling   air   at    a 
uniform  rate.      '."1th     certain      precautions    an   alm.ost 
perfect   helix   is    produced.       Two  models    of   single   helix 
surfaces    thus    obtained   are   shomnn   at   the    left    and  center 
in   figure    6,       A  preliminary  type   of   built-up  model  of 
laminated   construction,    which  was   abandoned   as    too 
inaccurate    and  expensive    to   build,    is    shown  on   the 
right    in   figure    6., 

In   figure   'Jfa)    are    shovm   examples    of   dual  helix 
surfaces   used    for    the   main   investigation.       A   four-blade 
dual-wake   model   is    shown   on   the    left   and   a    six-blade 
dual-wake   model   is    shown   in    the    center.      On   the    right   is 
a  four-blade    single-rotation  helix   surface   with   four- 
blade    "guide   vane?:,"      In    figure   ']{'b)    are    other   examples 
of   high-order  multiple    dual-rotation  wake  m.odels.      Some 
additional   examples   of    single-rot?  tion  v/ake   m.odels    vdth 
guide   vanes    are   shown   in  figure    C      The   m.ethod   of   building 
the   dual  helix  models    is    indicated   in   figure    9.      TTnit 
surfaces   were    cut   from  light-    and   left-handed  helix 
surfaces    and   glued   together   to   form  a  miultiple   dual   helix. 
Tortunately  these    comrlex   built-up   dual  models   were   needed 
only  for  determining   the   mass    coefficient      k     and  did  not 
have    to   be   too    accurate    in   detail. 
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For  the  r"ual-ro tat  1  ng-propeller  field  a  significant 
property  is  to  be  noted:   The  field  repeats  itself  not 
only  along  the  axis  but  also  circamf erentially.   A  "unit 
cell"  consisting  of  the  helix  surface  between  two  succes- 
sive lines  of  intersection  is  representative  of  the  entire 
helix.   It  nay  be  seen  that  the  boundary  condition  is 
tal-en  care  of  by  inserting  two  insulating  planes  contalnin^^ 
the  axis  and  the  two  intersecting  lines,  respectively, 
and  by  using  conducting  end  planes  perpendicular  to  the 
axis  which  contain  the  sarne  two  intersecting  lines.   The 
vessel  rray  therefore  be  given  the  form  of  an  open  I'-shape 
tray  -/;i  th  the  electrodes  at  each  end.   The  representative 
helix  nay  be  obtained  sinply  by  stretching  a  rubber  nern- 
brane  from,  one  corner  of  the  tray  to  the  opposite  corner 
at  the  other  end.   The  rrenbrane  is  equipped  with  stiff 
radial  spokes  and  is  securely  damped  in  place.   It  aato- 
natically  assumes  a  spiral  shape,  the  effects  of  gravity 
being  of  secondary  order.   The  entire  tray  is  arranged 
on  a  machine  lathe  with  the  helix  axis  along  the  center 
line  and  the  exploring  needle  is  attached  to  the  carriage. 
This  arrangement  affords  convenient  reading  of  the  voltage 
at  any  point  on  the  spiral  surface.   In  order  to  increase 
accuracy,  the  trays  v/ere  made  of  considerable  size,  6  to 
10  feet  long.   3y  changing  the  length  and  the  angle  of 
the  tray,  all  values  of   \  and  the  effect  of  the  number 
of  blades  could  b,  investigated. 

In  figures  IC  and  11  are  shown  experimental  setu^.s 
for  measuring  the  potential  distribution  KCx).   The  con- 
nections leading  to  the  exploring  needle  m.ay  be  seen  i.n 
figure  11. 

Figures  12,  13,  and  ik  show  the  general  arrangement 
for  determination  of  the  potential  distribution  on  dual 
wake  m.odels.   Figiire  12  shov/s  a  unit  cell  for  very  low 
advance  ratio.   Note  the  V-shape  test  tank  and  the  adjust- 
able end  plate  to  change  the  advance  ratio.   Note,  also, 
the  rubber  m.embrane  stretched  between  opposite  corner^. 
Figure  IJ  shows  the  arrangepient  for  supporting  the  exploring 
needle.   In  figure  iL^  is  finally  shown  the  complete  experi- 
mental setup  for  dual  helix  surfaces  of  very  high  pitch. 


Wall,  Hnd,  and  Thickness  Corrections 

The  similarity  betireen  the  electrical  test  method 
and  tVie  conventional  wind-tunnel  method  may  be  extended 
also  to  include  certain  corrections.   Obviously  there  is 
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a  correction  that  corresponds  to  the  custorrary  v^all  cor- 
rection.  This  correction  is  readily  ascertained  by  use 
of  vessels  of  different  diaineters,  a  procedure  that  can- 
not be  easil^r  utilized  in  wind-tunnel  practice.   It 
Khould  be  noted,  further  that  the  wall  corrections  are 
obtained  with  great  accuracy  since  each  reading  by  the 
el<':ctrical  method  is  rnore  precise  than  its  aerodynamic 
counterpart.   3y  using  tube  diameters  about  three  ti^nes 
the  diaTieter  of  the  test  spiral  the  error  in  the  results 

was  reduced  to  less  than  —  percent. 

A  correction  not  appearing  in  aerodynamic  practice 
is  the  end  correction.   This  correction  occurs  only  with 
single-rotating  propellers  and  is  therefore  of  :ii.inor 
Importance  in  the  present  investigation.   Dual-rotating 
propellers  possess  planes  of  constant  potential  perpen- 
dicular to  their  axes,  and  the  ends  therefore  cause  no 
difficulties.   By  cutting  the  dual  helix  at  a  plane  of 
constant  potential  and  by  inserting  a  conducting  end 
plate  in  the  cylinder  the  boundary  condition  is  satisfied. 
For  sJngls  heliy  surfaces,  tests  on  two  lengths  of  the 
same  helix  must  be  used  and  the  difference  observed.   This 
procedure  was  used  to  measure  the  mass  coefficient  k. 
To  m^easure  the  potential  distribution  I'(x)   a  long  helix 
is  required,  the  m:ea3urements  to  be  m.ade  near  the  middle. 

Another  source  of  error  exists  for  which  the  cor- 
rection has  been  referred  to  as  the  thickness  correction. 
This  error  results  from  the  fact  that  the  m^aterial  of  the 
helix  sheet  must  have  a  finite  thickness.   This  error  may 
be  determined  by  using  sheets  of  two  or  more  thicknesses. 
It  Is  readily  seen  from  theoretical  considerations  that 
ar.'proximately  one-half  the  thickness  of  the  sheet  m.ust 
be  added  to  the  diameter  in  order  to  obtain  an  equivalent 
infinitely  thin  sheet. 

It  should  be  mentioned  finally  that  there  is  an 
error  resulting  from  inaccuracies  in  the  ^'i-.odel  vortex 
sheets.   The  error  in  K(x)   can  be  minim.ized  by  using 
mean  values  from  a  large  number  of  readings  over  a  con- 
siderable portion  of  the  helix.   Fortunately,  there  is 
no  effect  on  the  mass  coefficient   hc   since  this  coef- 
ficient is  a  mean-value  param.eter. 
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Proof  ITriat  the  Mass  Coefficient   k  Ts  the 

Blocking  Effect  of  the  (Infinitely  Long) 

Helix  Surface 

The  irasj!'  coefficient   k   is  obtained  e.xperimontally 
by  treasuring  the  change  in  resistance  caused  by  the  helix 
surface  v'hen  inserted  in  the  cylindrical  container.   On 
inserting  the  (infinitely  long)  heljx  in  the  container  the 
current  between  the  end  plates   T^^   is  decreased  by  a 
definite  amount   ^T ,   and  it  can  be  proved  that 

kF  _  ^ 
"■  "  lo 

or 


il  S 


where      F     is    the   projected   cross    section  of   the   helix   itnd 
S     is    the   cross    section  of   the    cylindrical   container. 


oj  Green's    theorerr 


/ 


("v^r  -  ':;vu)  a-        ^ 


la   =     /([JV^w  -   'Arv^u)    dT 


Tf 


^  ,2, 


V'^U  =   v^^'  =  0 


it   follows    that 


(•[JV'y    _     iryj)      do     =     0 


Let     W     bo    the    distance      z      alonp    the   helix  axis 
measured    frorr'   a   reference   plane   perpendicular   to   the 
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axis;  W  is  therefore  a  unit  vector  in  the  dlrectioa  z, 
L^t  'J  be  the  potential  resulting  from  the  applied,  volt- 
ag-e  and  the  local  gradient  VTt  may  be  written 

where  IJ   is  the  constant  voltage  difference  betveen  the 
■b-id    plates,  rhicn  are  placed  at  an  axial  distance   L 
apartj  and   i   is  the  local  current  and   i^   the  current 
at  Infinity.   If  the  surface  integrals  for  the  entire 
"nclosecl  hell?  surface   A   and  the  end  surfaces   S, 
respectively,  are  taken,  the  following  relation  is  ootained 


I  V   dA„  = 

a        ^ 


/(^-'^^^ 


or 


fc  /" 


"a       "s  ^" 


where  the  integrals  art.  to  be  taU'cn  over  both  sides  of 
the   p  helij^  sarff'ces  End  over  both  end  plates. 
Hov'/ever , 


k  /•■ 


n-  W    ^  ^^z 


A 
may  be  \irritten   in   the    fcr-T 


#/f'^.  -  ^'^) 


dF 


vihere    the   integral   is    ta>en  over  one    turn  of   one   helix 
for   one    ?^ido   only,    as      U-,    -   1^2      is    the   dif^'eronce 
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potential    between   the    tvo    sides    of    the    sheet.       The    Volt- 
aire  drop   per    sheet    is 


TJ 


_o_  H 
L     p 


B^'  definition 


Ffx)    =   -i ^ 


TT 


_2   II 
L    n 


'xC'jMi. 


TJ, 


A 


TT  dA.    =      /  F(x)    dF   ^   2F   /    F(x)  >  d>:   =   kF 


0 


Also, 


•T  z     i 


dS   = 


/ 


-  ^Us  =  ^ 


8  nd    tlr  e  r  e  f  o  i^e 

kF  _   AX 

's    "■  I,, 

\';here      J.^      Is    the    totsl    current   betx-^een   the   end    plates 

v'ith    a   unlfor^i    gradient      — ^     in   the    field. 

L 

EXFFKIMENTAL    DATA 
Mass    Coefficient      K 


I'TuTierical   values    for   the  mass   coefficient      k, 
obtained   en   dual-rotstion   v;aVe   models,    are    shovn   in 
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'.'1  t'ure   15.      This   chart   is   probably   adequate   for   all 

rtistical   purposes,    as    a   large   range   of   advance   ratio 
has  been  covered.      The   designation  used  for   the    propellers 
comprises    three   digits;      The    first  digit   refers   to    the 
number  of   I'irht-handed   blades,    the  middle    di£it    to   the 
nuniber   of   guide    vanes,    and    the    last   digit    to    the 
nuiTiber  of   left-handed  blade:^    -    for   instance,    5~0~3    repre- 
sents   a  dual-rotating  propeller  with   three   right-handed 
and   three  left-handed  blades.      The   highest   number  of 
blades    tested  was    for   a    6-0-6  or   twelve-blade   propeller. 

As    a  matter   of   interest,    it   is   very   fortunate    that 
the   ifethod.   and    equipment  could  be    tried   out   in  all   its 
ramifications    on   the  known   case   of   the   Goldstein   curve 
for   a  two-blade   propeller.      The   Goldstein  curve    is    the 
curve    in  figure    I5  marked   "Theoretical."      The    test 
points,    vdiich  have    been  corrected   for  wall,    thickness, 
and  end   effects,    are    shown.      Except  in  a  very  few  cases, 
the    test   points    lie    on   the    theoretical    curve    for    the   two- 
blade  propellers.      The    somewhat  lesser   consistency  in 
the    cases   of   d\:al-rotating  propellers   is   not  due   to   in- 
herent   test   inaccuracy  but   rather  to    a  necessary  limita- 
tion on   tim.e    and   equipment  for  making    the  m.odels,    per- 
form.lng   the    tests,    and   obtaining   the   corrections.      The 
thickness   correction   for   the   hijh   advance    ratios   is   con- 
siderable.     Fote    that    three   thicknesses   have    been  used 
for  many  of   the  test   points.      A  glance    at   one    of    the 
composite  models    shown  in   figure   7(h)    will    suffice    to 
indicate    the   labor   involved  in  producing   the   models, 
F^ach  test   point   in   figure    I5   represents    a  different   com- 
plete m.odel:    some    fifty  models    thus    are   represented   by 
the    results    shov.Ti.      This    number  was   necessary  in  order 
to   include    all   propellers    and   all    advance    ratios   of 
interest   at   present    and   in   the   future. 

Results   for   single-rotation  va^ce  models   with  guide 
vanes    are    shown  in  figure   I6  for   two-,    three-,    and   four- 
blade   propellers,    respectively.      Such  guide    vanes    are 
supposed   to    represent   stationary   vanes    arranged  immediately 
i-n  front   of    or   behind    the   propeller  to   straighten   the   flow. 
It   should   be   noted   that   the    cases   shown   correspond    to    those 
of   an  ideal   thrust   distribution  both  on   the   propeller  and 
on   the    guide   vanes.      The  uppermost   curve   in   each  part   of 
figure    16  is   reproduced  for  purposes   of   com.parlson     with 
the   correspondi;"-g  dual   case. 
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Distribution   Function      K{x,d) 

The    measured   potential   distributions   on  dual  v;a^<e 
models    are   shown   :■  n  figure    17.      These    tests   were  mads    on 
large-scale  unit   cells   of    the   type   described   earlier, 
Fipur.     17    contains    results    on  2-0-2,    .Ll-C-.'l,    and    6-0-6  dual- 
rotating  propellers,    in   each  case    for  throe    advance   ratios, 
The   "potential   drop   is   given  in  nondimensional   form   and 
is   plotted  against   the    radius.      Each   curve   represents    a 
radial    line   on   the   helix.      The    angular  position  of   the 
radial    line   is   given   as    a   fraction  of    the    cell    sertii  angle 
measured    froin    the    rriddle    or    syiTirretry  line    of    the    cell. 

Figure    l3    shows      Kfx)      as    the  potential    differ^5nce 
at    the    zero   angle    or  midway  between   two    successive    inter- 
secting lines.      The   ""esults    are    arranged    in  order   showing 
the   four-,    eight-,    anu   twelve-blade    dual -rotating   pro- 
pellers   at    three    advance    ratios. 

T^e    function      K(9)     is    shcv/n    in    figure    19   o lotted 

against    the    angle   measured   from  the    san.e    zero   reference 

angl^L.       Results    are    shown   for    the     sg-ie    three    propellers 

ot    the   same    three    advance    iTtios.       Curves    are    shown  for 

1      1  ^ 

three    values    of    the    radial    distance      y   =   ~,    —,    and   f-. 

u,      Z  4 


DISCUSSION 


Tbe  concept  of  a  mass  coefficient   1^  defined  as 

^^ 
K  =  2  I   K(x)  X  dx 

^0 

has   been   introduced,    where      K(x)      is    a  nondirr-ensional 
distribution   function   and      x      is    the   nondimensional 
radius.      ^^Mm-er:  cal   values    cf      k      for   the   known   cases    of 
single-rotating  propellers    are    shown   in   figure   3.       It 
is    noted   that    the   ^a?s    coefficient   drops    rapidly  with   the 

advance    ratio.      For     — —.—.  -  2.      the   value    of      k      is   less 

nD 

'.ban  C.5   even   for   an   infinite   num.ber  of   blades    and   is 

less   than  0.2   for   the    two-blade    single-rotating  propeller. 
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For  dual-rotatins  propellers   the  inasa    coefficient 
defined  as 

.a  A2Tr 
K    =  -    /       /  K(x,9  )z  dx  dS 


rr 


0  Jo 


is  considerably  larger.   A  2-0-2  propeller  has,  in  fact, 

V_f_w 

nD 

rotating  propeller  with  an  infinite  nimiher  of  blades. 
The  6-0-6  propeller  at  the  same  advance  ratio  has  a  mass 
coefficient  k  =  0.79   or  near  -unity.   (See  fig.  15  •  ) 

The  effect  of  guide  vanes  is  of  considerable 
practical  interest.   These  vanes  are  stationary  and  are 
arranged  either  immed lately  in  front  of  or  behind  the 
nropeller.   The  qiiesticn  is  whether  such  a  stationary 
system  in  some  cases  may  be  m.ore  acceptable  than  a  dual 
arrangement  of  counterrotating  propellers.   As  an  example, 
consider  a  three-blade  single-rotating  propeller  at  an 
advance  ratio  of  5.   (See  fig.  lb(b).)   The  mass  coeffi- 
cient  K  of  the  prooeller  alone  is  seen  to  bo  0.ll|.2; 
the  5-2-0  propeller  with  two  guide  vanes  shows  a  value 
of  K   of  0,253,  and  the  5-S--0  propeller  with  four  guide 
vanes  shows  a  value  of     k   of  0,2&6.   For  comiparison, 
the  tliree-blade  dual-rotating  propeller  shows  a  value 
of  "^      of  0.l4.ci6  at  the  same  advance  ratio.   If  a  dual- 
rotating  propeller  is  not  used,  the  double  guide  vane  is 
;xndoubtedlv  desirable  in  some  cases.   Actually,  the 
induced  loss  is  reduced  to  about  half  as  compared  with 
the  loss  in  the  case  v/ithout  vanes.   The  difference  in 
the  effect  of  two  or  four  vanes  is  relatively  small. 

Langley  Memorial  Aeronautical  Laboratory 

National  Advisory  Committee  for  Aeronautics 
Langley  Field,  Va, 
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APPENDIX   A 
SYMBOLS 


V  advance    velocity  of   propeller 

\'f  rearward  disDlacernent  velocity  of  helical  vortex 

surface  (at  infinity) 

n       rotational  speed  of  propeller,  revolutions  per 
second 

CO       angular  velocity  of  propeller  (2TTn) 

D       diameter  cf  propeller 

V  +  w 

advance  ratio  of  wake  helix 

nD 

,  _  1  V  +  vj 

A,  —  —  — — 

IT   nD 

li 


•  4.   T„      ^       1      1,   T  •        /  V   -   W  \ 

pitch  of  wake  helix   ! 

\   n   / 

r       circulation  at  radius   r 

K(x)     circulation  function  for  single  rotation 

K(x,6  )   circulation  fiinction  for  dual  rotation 


/         pFco      \ 
V2tt(V   +   7/)v;/ 


■o  number   of  blades   of  propeller   or   separate  helix 

surfaces 

1^  mass    coefficient     j  2   /     K(x)x   dx 

1      P^    P^"" 
or  --     /       /     K(x,e)x   dx  d9 

iJo  Jo 

X       ratio  of  radiias  of  ele'.nent  to  tip  radius  of 
vortex  sheet   (r/R) 

r       radius  of  element  of  vortex  sheet 

R       tip  radius  of  vortex  sheet  |— D| 

V2  ; 
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9  angular  coordinate  on  vortex  sheet 

P  projected  area  of  helix   (ttR^) 

3  area  of  end  plates  of  cylindrical  test  tank 

Iq  current  through  test  tank  v;ith  helix  removed 

M  reduction  in  current  due  to  presence  of  helix 
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TABLE  I 


OPTUTOM  CIRCTTLATION  DISTRTBaTION  FOR  THB 
TWO- BLADE  PROPELLER 


Calculated  by  Goldstein   (refarenc©  1,   p 

.    1;50) 

X 

-fe 

X 

^'} 

X 

X 

--k 

X 

-;- 

X 

^  =  ^ 

0.020 

0.126 

0.029 

0.126 

O.OkO 

.080 

0.12U 

0.050 

0.120 

0.067 

0.111 

0,100 

0.092 

.OliO 

.060 

.2l;5 

•^SI 

.21^5 

•4? 

.100 

.232 

.133 

•215 

.200 

.175 

.552 

.086 

:m 

.120 

:5S 

.150 

o33i 

.200 

.303 

.500 

.2l3 

.080 

.nil 

.160 

.200 

'h^ 

,267 

'379 

.U.00 

.295 

.100 

.526 

.ll;5 

•  523 

.200 

,511 

.250 

■^^h 

.?53 

.51U 

:c 

.529 

.120 

■  3^5 

.171 

.590 

•2U0 

•?'75 

.500 

.5U3 

Aoo 

.5!il 

.lliO 
•  ISO 

.650 

.200 

.6U6 

.280 

.626 

•  ?50 

■?92 

J467 

.700 

.331 

.698 

.229 

.69U 

.320 

'.70U 

.1+00 

.628 

.533 

o53 

.800 

=  295 

.180 

.758 

.257 

.752 

.560 
.LiOO 

.450 

.65I; 

.600 

•  537 

.900 

.220 

.200 

,772 

.286 

.766 

.731    .300 

.670 

:S67 

.525 
.U27 
.305 

.250 
.280 
,500 

.656 

.357 

.826 

.500 

.770 

.6251   .676 

.353 
.933 

"'378 

.U29 

".III 

.sat 

.630 

.775 

.750 
.875 
.950 

.621 

.550 
.^80 
■  UOO 

.908 

.500 

.700 

----- 

.7U7 

.1+86 

.927 

■571 

.390 

.300 

"671 

Mo 

.  9.'j.0 

.6U5 

.882 

.900 

•  519 

.U9o 

.960 

■  351 

.500 

.950 

"71U 

'!"358 

.600 

•  955 

.^57 

.717 

.650 
.680 
.700 
.800 

.929 

.55^ 
.576 

.971 

'?9Ul 

.590 

.900 

.758 

.950 

.569 

.qfio 

.588 

- 

Caloula 

ted   by  Kramer  (reference   2,   p. 

23) 

X 

> 

1 

\ 

1 
^  5 

'-i 

\  =  1.0 

\=  2.5 

0.1 

0 

.252 

0 

.l6U 

0.0919 

0.0283 

o.ooljoL 

,p 

.U18 

.505 
.412 

.1758 

.0552 

. 0097U 

i 

•  pW 

.2U6 

.0795 

.01U15 

.S29 

.U86 

.297 

.0999 

.01806 

.Ii5 

.655 

.510 

.1082 

.01976 

.671 

.528 

■  331 

.3U5 

.1155 

.0212U 

.  6 

.679 

■  5U0 

•  1259 
.12U3 

.02JU2 
.  021x25 

.7 

.65U 

.317 
.1193 

.338 

:P 

.625 

•  325 

.1213 

.02596 

.580 

.U57 

.505 

.1156 

.02310 

.85 

.^28 

.U3 

.276 

.1061 

.02lli7 

.9 

.551 

.235 

.0919 

.0187 

.0166 

•925 

.395 

•  511 

.0817 

•95 

.329 

.260 

"173 

.0687 

.Ollj.1 

.975 

- 

.190 

.0U97 

.0105 
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TABLE    II 
OFTT?mM    3TrCUI.ATT0N  DTSTRITiUTIOW   FOR   THE 
FOUR- BLADE   P  ROPELLER 


1 

1 

Calc\ 

dated 

by  Lock   and  Yeatman   (referenca 

7, 1 

1 
i 

X 

-ir 

X 

3 

z 

x=l 

X 

^•  =  fe 

'".JOO 

c .  1 50 

0.209 

^.0667 

') .  0  66 

0.100 

-.06k 

0.  ill  20 

0.0  61 

.2C00 

.^0  6 

.  5;>; 

^1553 

,  1  70 

.200 

.175 

.2857 
.1,1286 

,1^,0 

•49 

,  J200 

.LlOO? 

.706 

.i;-o 

.  6h0 

.  2000 

•297 

.300 

.203 

.81i.3 

-;•?- 

.2667 

.k05 

.I;00 

.577 

.5711; 

.310 

.  S''CO 

.Ii.5'^ 

.7ul 

'5535 

.ii97 

C  ""f  '^ 

.kU9 

.7i1l3 

.529 

,s6oo 

.  871 

.50-^ 

.77^' 

.021 

./i.coo 

.  ^-72 

.    600 

.k92 

•X^5( 

'  0571 

.9206 

.317 

.  k'O'.; 

.£81 

.625 

.!).667 

.  630 

.700 

./|6o 

..  2c2 

,  "^^  "'"'■'"■ 

.£3'7 

.  700 

.821 

.^555 

-  672 

.  too 

.215 

.  7  600 

.1:72 

•7^0 
.675 

,806 

,  6000 

,698 

.  ^-00 

.370 

,  wCOO 

.P50 

.6S0 

.,  6667 

.706 

i        C  ■'^■'^■'  ■. 

.7i^ 

.050 

.1+88 

.0335 

,  627 

1  .'^e^^^^ 

r  ,-■■  -• 

,0335- 

.^L.y 

" 
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Fig.  5 


Figure  5.-  Equipment  for  constructing  celluloid  helix  surfaces 
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Fig.  6 
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Figure  6.-  Celluloid  single  iielix  surfaces.  (On  right, 
preliminary  laminated  construction.) 
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Fig.  7a 
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fa)  Left  and  center  -  for  four  and  six  blades,  dual 
rotation.  Rignt  -  for  four  blades,  single 
rotation,  with  four-blade  guide  vanes. 


Figure  7.-  Dual  helix  surfaces 
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Fig.  7b 


(b)  High-order  multiple  olades,  dual 
rotation. 


Figure  7,-  Concluded, 


\ 


NACA    ACR    No.    L4H03 
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Figure    8.- 


Two--Dlade    single-rotation    helix    surfaces    witn 
guide    vanes. 
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Fig.     10 


Figure    10.-    Setup    for   measuring    tne    potentiaj.    distribution      Kfx) 

for    single-rotation   wake    models. 


\ 


NACA    ACR    No.     L4H03 


Fig.    11 


Ui 

<U 

o 

o 

t^ 

■H 

> 

a) 

TD 

><! 

^^ 

QD 

:^ 

c 

•H 

(^ 

G 

o 

o 

rH 

•H 

o. 

^T 

« 

3 

0) 

Xi 

•H 

<n 

U 

O 

•P 

to 

■H 

■H 

•H 

■^ 

Cd 

+3 

rH 

O) 

cd 

•o 

■H 

>J 

tio 

G 

G 

q; 

•H 

+j 

> 

o 

O 

Q.^ 

to 

QD 

G 

.^ 

■  r^ 

CO 

;-i 

r-t 

3 

CD 

w 

-a 

(6 

o 

OJ 

e 

e 

(U 

u 

J*! 

o 

n3 

<»-l 

> 

a. 

C 

3 

o 

•.-> 

■H 

(U 

■►o 

w 

(d 

ij 

1 

o 

. 

u 

1— 1 

1 

r-H 

0) 

r-H 

0) 

tlD 

u 

c 

3 

■H 

.0 

CO 

\ 


NACA   ACR   No.    L4H03 


Kig.     12 


Figure    12.-    Unit,    cell    for    very   low    advance    ratio, 
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Fig.  13 


Figure  13  -  Unit  cell  for  very  low  advance  ratio,  showing 
^arrangement  of  exploring  device. 
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Figure  15.-  Measured  values  of  mass  coefficient  k   for  dual-rotating 

propellers  with  various  numbers  of  blades. 
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Fig.  16a 


.72  p 


(a)  SlngXe-rotatlng  two-blade  propellara. 

Figure  16.-  Measured  vaiuea  or  mass  coefficient  k   against   ^  "*".* 

nD 
showing  the  effect  of  guide  vanes. 
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Fig-.    16b 


(b)    Single-rotating  throe-blade  propellers. 
Flgiu*e   16.-  Continued. 
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Fig.  16c 


2       5       U       5 

y  •>•  w 

nD 
(e)  Single-rotating  four-blad*  propellers. 

Figure  l6.-  Concluded. 
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